The aims of this study were to evaluate the decomposition rate (K 
INTRODUCTION
In the Neotropics, there is a great diversity of aquatic environments characterized by their shallowness, which facilitates colonization by aquatic macrophytes (Esteves, 2011) . In these systems, aquatic macrophytes play an important role in the ecosystem dynamics because they have high biomass production and because they are the most abundant sources of organic matter. In these well vegetated shallow water bodies, macrophyte decomposition represents the main nutrients cycling mechanism (Scheffer, 2001; Shilla et al., 2006) , releasing nutrients for the primary producers (Battle and Mihuc, 2000; Xie et al., 2004) .
This process generally has two distinct phases (Esteves and Barbieri, 1983; Silver and Miya, 2001) . First, the physical processes of leaching and cellular lysis occur, releasing the nonstructural soluble fractions, such as carbohydrates, proteins, phosphate and potassium (Bastardo, 1981) . During this phase, invertebrates are the main supporters of the fragmentation processes (Bianchini Jr., 2003) . During the second phase of degradation, biological processes are dominant as a consequence of the catabolic action of detritivorous organisms. These organisms promote partial or total breakdown of the particulate organic matter (POM), especially by enzymatic activity (Vrba et al., 2004) . This second phase is slower than the first, especially in presence of detritus which is rich in refractory structural compounds (Bianchini Jr., 2003) .
The submerged aquatic macrophyte Egeria densa Planchon grows by forming extensive stands, especially in alkaline environments ; it is the dominant primary producer in the Campelo Lake (Northern of Rio de Janeiro State, Brazil) and directly affects nutrient cycling in the lake. This macrophyte is reported to have low lignocellulosic fiber content (Nunes et al., 2011) , resulting in an accelerated breakdown rate of the detritus.
The present study aimed to i) evaluate the decomposition process of E. densa in the Campelo Lake; and ii) infer the importance of this process for the nutrient release to the water column. The rate of the decay process resulting from microbial degradation was compared with decomposition rates that included additional exposure to invertebrate organisms, using litter bags of two different mesh sizes (45 µm and 2 mm). We hypothesized that the process mediated by microorganisms alone (45 µm mesh) would not be slower than that mediated by microorganisms plus invertebrates (2 mm mesh), due to the labile composition of detritus. Moreover, the experiments were conducted during two seasons: a dry season (September 
METHODS

Study area
Campelo Lake is one of the three largest lakes of the northern region of the Rio de Janeiro State (41°11'W 21°39'S), Brazil. It is located between the municipalities of Campos dos Goytacazes and São Francisco do Itabapoana. It is geologically based on quaternary fluviomarine sediments that form the delta of the Paraíba do Sul River (Fig. 1) . This lake is a typical tropical shallow lake (mean depth ~1.0 m). The lake is submitted to constant, predominantly northern winds, which are responsible for the maintenance of sediment resuspension. The surface area, approximately 12 km 2 , is extensively colonized by the aquatic macrophyte Typha domingensis Pers. in the littoral zone and by mixed or monospecific stands of submersed aquatic macrophyte such as E. densa and Ceratophyllum demersum L. that occupy the majority of the limnetic zone. Additionally, high production of phytoplanktonic biomass, dominated by cyanobacteria, was observed throughout the years, always at concentrations above 10 µg Chl-a L -1 (Suzuki, unpublished data).
Decomposition experiment
Five grams of E. densa previously collected at the Campelo Lake were used in the experiments. The material was dried in an oven with forced air circulation at 40°C. The samples were packed into litter bags with one of two mesh sizes (45 µm and 2 mm). For each season and mesh size, 33 litter bags were used, composing a total of 132 litter bags.
At a site located in Campelo Lake (Fig. 1) , experiments were performed during two distinct seasons: dry (September to November 2003) and rainy (January to February 2004). The experimentation site was marked by buoys. The litter bags were tied to a rope that kept them at 50 cm deep in the water column. This depth was sufficiently near the sediment (80 cm depth in the experimental site) to allow invertebrate colonization and yet prevented burial of the litter bags in the sediment; the sediment was constantly resuspended by the wind. Three samples of each type of litter bag were collected periodically at 1, 3, 7, 14 days, and then weekly until the material was almost completely degraded. During the dry season, the litter bags were set out on September 16 th , 2003 and the experiment was terminated after 56 days; during the rainy season, the experiment started on January 7 th , 2004 and was terminated after 35 days as a consequence of the quicker degradation.
The recovered material was dried in an oven with forced air circulation at 40°C until the weight became constant to quantify the loss of mass, and ground. There was little material remaining material in the last set of samples for both mesh sizes of litter bags from the dry season and in the last set of samples of 2 mm litter bags from the rainy season; bulked samples were therefore u s e the litter bags were set out on September 16 the experiment was terminated after 56 days; during the u s e the experiment was terminated after 56 days; during the rainy season, the experiment started on January 7
u s e rainy season, the experiment started on January 7 and was terminated after 35 days as a consequence of the u s e and was terminated after 35 days as a consequence of the quicker degradation. o n l y the litter bags were set out on September 16 the experiment was terminated after 56 days; during the o n l y the experiment was terminated after 56 days; during the used. The decomposition rate was calculated using the data from the loss of weight within a negative exponential model (Olson, 1963; Wieder and Lang, 1982) :
where Wt=remaining weight of the detritus as a function of time t; W 0 =initial weight; K=decomposition rate (day -1 ). The half-life of the detritus was calculated using the formula proposed by Olson (1963) : T 50 =0.963/K.
Data on the water temperature and dissolved oxygen (DO) were taken with a portable Oximeter (YSI 55; YSI Inc., Yellow Springs, OH, USA) on each sampling date. The results from these variables were expressed as the average of the dry and rainy seasons.
The total phosphorus (P) content in plant materials was determined by colorimetric analysis (Molybdenum blue; Pompêo and Moschini-Carlos, 2003) , using two representative samples from each sampling day in triplicates. Due to the small amount of dry material available, it was not possible to determine total P for the last few last sampling days of the rainy season (from the 14 th day in 2 mm and from the 26 th day in 45 µm mesh). The determinations of organic carbon (C) and nitrogen (N) contents were made through combustion by a CHN/S Perkin Elmer 2400 analyzer using pooled samples.
To compare the data obtained for both treatments and between seasons, two statistical tests were performed. A ttest for samples with unequal variances was used to compare the proportion of mass lost in the two different mesh sizes treatments (45 µm and 2 mm), considering each sampling days separately. The adjustment and the standard error of the exponential model was performed in the program R to test the null hypothesis that the decomposition rates for the two meshes were not significantly different (α=0.05).
RESULTS
Decomposition rates
The decomposition rates and the parameters obtained for the adjustment of the exponential model and the halflife of E. densa detritus are presented in Tab. 1. Decomposition rates obtained during the dry season showed slightly higher values (8%) when invertebrates was excluded (45 µm mesh) in relation to 2 mm mesh. However, the K T -1 for the 45 µm mesh was 25% lower than the litter bags that included action by invertebrates (2 mm mesh) during the rainy season, when the water temperatures were higher (29.0±0.9°C compared to 24.6±1.5°C during the dry season). Thus, only during the rainy season did the adjustment of exponential model generate a significant difference (P<0.001) between the decomposition rates of detritus inside 45 µm and 2 mm meshes litter bags (Fig. 2b) . The loss of detrital material in the 45 µm and 2 mm bags showed significant differences only on the 3 rd , 7
th and 49 th days during the dry season ( Fig. 2a) and from the 26 th day onward during the rainy season. Further, Fig. 2 shows that the decomposition process is faster in the beginning, resulting in a substantial weight loss in the detritus for both treatments and seasons (up to 15% after one day and up to 30% in a week). The detritus in the 45 µm mesh showed a half-life of 25 days during the dry season and 20 days during the rainy season. In the 2 mm mesh, the detritus showed a halflife of 27 days during the dry season and 14 days during the rainy season.
Release and accumulation of carbon, nitrogen and phosphorus and the C:N ratio
Initial concentrations of detrital material were 360.1, 8.1 and 3.5 mg g -1 of dry weight (DW) of C, N and P, respectively.
The remaining C percentage in the litter bags showed similar decay patterns for mass loss for both mesh sizes (Fig. 2b) . The loss o n l y side 45 µm and 2 mm meshes litter bags (Fig. 2b) . The loss of detrital material in the 45 µm and 2 mm bags showed o n l y of detrital material in the 45 µm and 2 mm bags showed o n l y significant differences only on the 3 o n l y significant differences only on the 3 ing the dry season (Fig. 2a) and from the 26 o n l y ing the dry season (Fig. 2a) and from the 26 (45 µm and 2 mm) and both seasons (Fig. 3 a,b) . The decay was faster at the beginning of the decomposition process, especially in the rainy season. Regarding the N content, it was possible to identify a pattern, accentuated in the rainy season, of an initial increase in the remaining material followed by decline over the last days of the decomposition, especially in the 2 mm mesh bags. The lowest variation in remaining N content was observed in the 45 µm mesh during the dry season: from 133% to 82%. The highest was recorded for the 2 mm mesh during the rainy season, when the N content ranged from 227% to 5% of the initial value. Additionally, the lowest remaining percentage of N in the 45 µm mesh litter bags did not exceed 75% during either season, while the decline in the remaining N content in the 2 mm mesh was apparent (Fig.  3 c,d ). The P content in the remaining detritus exhibited a sharp decline in both mesh sizes (45 µm and 2 mm) during the two studied seasons. After one day of decomposition, 62-75% of the initial P was leached. Subsequently, a slow decrease in the remaining P content was observed. By the 49 th day only 3% of initial P content remained in 2 mm mesh during the dry season. The same tendency was observed during the rainy season while sufficient material remained for analysis (Fig. 3 e,f ). The C:N ratio (Fig. 4) decreased during the decomposition process, especially in the 45 µm mesh. An exception occurred for the 2 mm mesh bags during the rainy season; from the 20 th day, an increase in C:N ratio was observed, reaching a value of 36:1 in the sample on the last day. The initial samples in the litter bags exhibited ratios near to 50:1. During the rainy season, the C:N ratios decreased quickly within both meshes throughout the experiment, corresponding to the increase of N content.
DISCUSSION
The decomposition rates of the detritus of E. densa in the 45 µm and in the 2 mm mesh litter bags did not show a significant difference during the dry season. This result suggests that leaching and microorganisms were responsible for the majority of the detritus decay. During the rainy season, weight loss differences were recorded only from the 26th day onward. The 2 mm mesh size facilitates the action of macro-and meso-invertebrates, which accelerates fragmentation, catabolism and leaching (Danell and Sjöberg, 1979; Brock et al., 1985; Neely, 1994) . The presence of macro-invertebrates on the 2 mm mesh was observed during the initial days of experimentation in both seasons. These results partially supports our hypothesis that the process mediated exclusively by microorganisms is not slower in comparison to that mediated by microorganisms plus invertebrates. Under our experimental conditions, the results indicate that the activity of invertebrates is not essential to increase the decomposition rate for E. densa. This result is in contrast to the findings in other studies with similar macrophytes (Battle and Mihuc, 2000; Pompêo and Moschini-Carlos, 2003) .
The degradation of organic matter is driven by several factors, such as water temperature, concentration of dissolved nutrients in water, the chemical composition of the o n l y observed during the initial days of experimentation in both seasons. These results partially supports our hypotho n l y both seasons. These results partially supports our hypothesis that the process mediated exclusively by microorgano n l y esis that the process mediated exclusively by microorgan-detritus (Pompêo and Moschini-Carlos, 2003; Li et al., 2012) , availability of oxygen in water (Cunha-Santino and Bianchini Jr., 2002) and composition of the microbial and macro-invertebrate community (Stripari and Henry, 2002; Goncalves Jr. et al., 2004) . Environments dominated by macrophytes provide an organic substrate able to sustain a productive microbial community (Schlickeisen et al., 2003) well adapted to local conditions. Hackney et al. (2000) , Gulis and Suberkropp (2003) , Mille-Lindblom and Tranvik (2003) , and Sampaio et al. (2007) among others, have largely highlighted the microbial contribution to the detritus weight loss. The microbial community plays a key role in the flow of matter and energy of the aquatic ecosystem. In addition to acting in the degradation of organic matter, they are responsible for the condition of detritus, promoting their consumption by aquatic invertebrates (Findlay, 2010) . The decomposition rates obtained in this study corroborate that temperature can be a dominant physical factor of this process (Howard-Williams and Davis, 1979; Janssen and Walker, 1999; Chimney and Pietro, 2006) , because the decomposition was approximately 1.3 and 1.8 times faster during the warmer period (for the 45 µm and 2 mm meshes, respectively). This may be because higher temperatures accelerate the microorganism's metabolism (Moran and Hodson, 1989; Carvalho et al., 2005) .
Among the other factors that influence decomposition, the absence of a sustaining rigid cellular structure, the low (Chimney and Pietro, 2006) and the high initial nutrient content of the detritus can explain the similar velocity observed in the decomposition rates at our two experimental conditions (45 µm and 2 mm mesh litter bags). According to Esteves (2004) , specimens of E. densa collected in the Campelo Lake contained approximately 5 mgP g -1 , 150 mgProtein g -1 and 110 mgCH g -1 DW. Proteins and carbohidrates accounted for approximately 25 % of their organic matter content. Compounds as P, proteins and carbohidrates are readily leached during the first stage of degradation. E. densa and similar submerged species do not require rigid cells as supportive structure and present lower concentrations of compounds such as lignin and cellulose. Consequently, the lower concentrations of refractory fibers help to accelerate the degradation process. Additionally, several environmental conditions of the Campelo Lake may explain the notably high degradation of detritus observed. The decomposition of aquatic macrophytes may have been accelerated by the availability of nutrients in the water column that might be used by the decomposers (Valiela et al., 1985; Rejmánková and Houdkova, 2006) . Data not published indicate the Campelo Lake as a meso-eutrophic system, with orthophosphate concentrations above 0.4 µM and inorganic dissolved N above 4 µM. In general, the aerobic mineralization is faster, resulting in more stable final products (e.g., carbon dioxide, water; Wetzel, 1995) and tending to transfer more carbon to the growth of microorganisms (Davis and Cornwell, 1991) . Therefore, the high saturation of DO observed during the experiments in the Campelo Lake (102±22% in the dry season; 72±8.5% in the rainy season) may have favoured the microbial growth. The mean half-life values obtained for E. densa in our experiments were shorter than those observed for other macrophytes (Battle and Mihuc, 2000; Xie et al., 2004; Carvalho et al., 2005; Chimney and Pietro, 2006) . These values could be explained by the high radiance at the studied region, resulting in higher temperatures, the high saturation of dissolved oxygen, the high quality of the nutritional composition of the substrate and the high availability of nutrients in the water column.
The increase on the N content of the detritus suggests that quick association of bacteria to the detritus occurs (Boyd, 1970; Pagioro and Thomaz, 1999) , mainly during the rainy season. According to Iversen (1973) , these bacteria have high N content and N rich compounds. Yet the increase in the N content could be explained by the adsorption of inorganic N compounds onto the surface of the detritus (Pagioro and Thomaz, 1999) . This pattern has been observed in many decomposition experiments (Esteves and Barbieri, 1983; Brock, 1984; Poi de Neiff and Neiff, 1988; Gessner, 2000; Villar et al., 2001) . This enrichment of N results in both a decrease of the C:N ratio and an increase of the nutritional value of the detritic material, which increases the degradation velocity (Iversen, 1973; Poi de Neiff and Neiff, 1988) . In contrast, P levels in this study decreased during both seasons from the first day of the experiments, concurring with similar reports by Roland et al. (1990) , Pagioro and Thomaz (1998) , and Villar et al. (2001) . As a great part of the total fraction of P in aquatic macrophytes is represented by soluble compounds, the leaching coefficient of P was calculated as 1.2 day -1 , indicating that the P half-life is less than one day. In aquatic ecosystems with high macrophyte biomass, the P release during decomposition can be considered a significant autochthonous source of nutrients (Carpenter, 1980; Wetzel 1983 Wetzel , 1990 ). An increase in P concentrations in the detritus was observed in the final phase of the decomposition process, suggesting that the incrustation by periphyton elevates the concentration of this element Esteves, 2001a, 2001b) , increasing the quality of the detritus. Alternatively, the aggregation of the allocthonous inorganic material may be responsible for the additional P in the detritus (Esteves and Barbieri, 1983) . (Davis and Cornwell, 1991) . Therefore, the high saturation N o n -c o m m e r c i a l (Davis and Cornwell, 1991) . Therefore, the high saturation of DO observed during the experiments in the Campelo (Battle and Mihuc, 2000; Xie , 2005; Chimney and Pietro, 2006) . These and an increase of the nutritional value of the detritic material, which increases the degradation velocity (Iversen, o n l y terial, which increases the degradation velocity (Iversen, 1973; Poi de Neiff and Neiff, 1988) . In contrast, P levels o n l y 1973; Poi de Neiff and Neiff, 1988) . In contrast, P levels in this study decreased during both seasons from the first o n l y in this study decreased during both seasons from the first The high decomposition rate and fast degradation process of E. densa may result in the quick release of nutrients to the water column. This release may contribute to the high primary production rates (Suzuki et al., unpublished data) observed at the Campelo Lake.
CONCLUSIONS
The present results ratified that the aquatic macrophyte E. densa exhibits high decomposition rates, especially during the rainy season when water temperatures were higher. Due to the low content of refractory compounds, the role of invertebrates for the decomposition process of E. densa is not essential. The variations on the content of C, N, and P emphasize the great importance of the decomposition process of this species for nutrient cycling and for the availability of those nutrients to primary producers in colonized habitats. 
